ABSTRACT: This paper deals with the structural and adsorptive characterisation of a Zn-Al-type layered double hydroxide to be used for the retention of chromate ions from aqueous media. Structural characterisation by X-ray diffraction and FT-IR spectroscopy showed that the material was a layered double hydroxide with carbonate in the interlayer; however, certain impurities were also identified. Thermogravimetric analysis allowed appropriate calcination temperatures to be chosen for the sorption studies. The equilibrium adsorption of the Cr(VI) ion was best described by the Langmuir-Freundlich equation. Calcining the material at 500 ºC led to a product containing mostly stable zinc oxide with low adsorptive properties. The kinetics of Cr(VI) ion retention on the uncalcined layered double hydroxide obeyed the pseudo-firstorder model as described by the Lagergren equation. Structural analysis of the product obtained after Cr(VI) ion sorption onto Zn-Al-CO 3 showed that the carbonate anion was not replaced in the interlayer and that the Cr(VI) ion was adsorbed within cavities formed by three adjacent metal hydroxide octahedra situated at the edge of the brucite-like layer.
INTRODUCTION
Chromium(VI) is used as part of many industrial processes, such as electroplating, tanning, and the manufacture of pigments and refractory materials. These processes generate substantial quantities of wastewaters containing Cr(VI) ions, which is a carcinogen when inhaled although the limited data available show no evidence for carcinogenicity via the oral route. The International Agency for Research on Cancer (IARC) has classified Cr(VI) in Group 1 (human carcinogen). Chromium(VI) compounds are active in a wide range of in vitro and in vivo genotoxicity tests. The World Health Organisation has proposed a maximum allowable value of 0.05 mg/ᐉ total chromium (WHO 2006) . Because the Cr(VI) ion exhibits high mobility in most neutral and alkaline soils, it poses a great threat to surface and ground waters. Hence, it is necessary to eliminate Cr(VI) from the environment, in order to prevent the deleterious impact of Cr(VI) on the ecosystem and public health.
The methods available for the decontamination of Cr(VI) ion-containing wastewaters include reduction followed by chemical precipitation, sorption, electrokinetic remediation, membrane separation processes and bio-remediation. Sorption (as adsorption, biosorption and ion exchange) is one of the more popular methods for the removal of Cr(VI) ions from wastewaters. Adsorbent materials capable of removing Cr(VI) ions from waters include activated carbon [commercially available (Dobrovolski and Otto 2010) or prepared from agriculture by-products (Kobya 2004; El Nemr 2009)] , natural materials or biomaterials such as sand (Khamis et al. 2009 ), modified rectorite (Huang et al. 2008) , black tea leaves (Hossain et al. 2005) , sugarcane bagasse, corncobs and Jatropha oil cake (Garg et al. 2007) , collagen (Liao et al. 2008) , seashells (Tudor et al. 2006) , chitin (Baran et al. 2006) , synthetic organic and inorganic materials such as commercial ion-exchangers and chitosan (Baran et al. 2006) , organo-modified silica adsorbents (Tertykh et al. 2008) , materials containing humic acids (Janos et al. 2009 ), maghemite (Hu et al. 2005) , polyaniline composites (Ansari 2006) , carbon nanotubes (Di et al. 2004) , akaganèite (Lazaridis et al. 2005) , layered double hydroxides (Carriazo et al. 2007 ) and hydrous oxides (Debnath and Ghosh 2008) . Many living organisms such as algae (Gurbuz 2009; Murphy et al. 2008; Yang and Chen 2008) , bacteria (Lameiras et al. 2008) and fungi (Krim et al. 2006) have also been used as adsorbent materials.
Layered double hydroxides (LDHs), also known as hydrotalcite-like minerals, have versatile properties such as a memory effect (Cavani et al. 1991) and high specific surface areas for the mixed oxides resulting from calcination of the pristine materials. These materials are employed on a wide scale as catalysts and catalyst precursors in fine organic syntheses (Cavani et al. 1991) , as precursors or substrate materials for the oxidation of organic compounds (Turco et al. 2007; Crivello et al. 2007; Jimenez-Sanchidrian et al. 2006) , as catalysts for the oxidation of organic compounds in wastewaters Pode et al. 2008) , in wastewater treatment by sorption (Hsu et al. 2007; Mandal and Mayadevi 2008; Das et al. 2003; Legrouri et al. 2005; Jin et al. 2007; Chao et al. 2008) , as sensors and biosensors (Vial et al. 2008; Scavetta et al. 2007) , as supports for drugs with controlled liberation (Trikeriotis and Ghanotakis 2007; Yang et al. 2006) , as ingredients of certain cosmetics (Perioli et al. 2008) and as flame arresters (Costache et al. 2007 Kooli et al. 1997) .
The work described in this paper was aimed at the structural and adsorptive characterisation of a Zn-Al-type layered double hydroxide to be used for Cr(VI) ion retention from aqueous solutions.
EXPERIMENTAL

Sample synthesis and characterisation
Samples of Zn-Al-CO 3 layered double hydroxides were synthesised by co-precipitation at low level over-saturation using appropriate nitrates as raw materials (Cavani et al. 1991) . Thus, a 1 M solution resulting from the dissolution of zinc and aluminium nitrates [Zn(NO 3 ) 2 • 6H 2 O, Al(NO 3 ) 3 -• 9H 2 O, both of A. R. grade as obtained from Sigma) was slowly added to a 2 mM solution of Na 2 CO 3 under magnetic stirring. During this procedure, the pH of the system was maintained between 7.5 and 8 by adding drops of 2 M NaOH solution.
The reacting mixture was stirred at room temperature for 3 h, following which the temperature was increased to 70-80 ºC (by mean of an oil bath) for 18 h. The resulting precipitate was separated by filtration and then washed with distilled water to neutral pH, followed by drying at 80 ºC. The sample was crushed and sieved, with fractions with dimensions less than 80 µm being used in the experiments. The product resulting from sieving was divided into four parts: one was used assynthesised (Zn-Al-CO 3 ), while the three others were calcined at 250, 300 and 500 ºC, respectively (to yield Zn-Al-250, Zn-Al-300 and Zn-Al-500, respectively), at a rate of 5 ºC/min for 4 h. All such calcinations were undertaken in a Nabertherm calcination reactor.
X-Ray diffractions patterns were recorded on a Bruker D8 Advance powder diffractometer (40 kV, 40 mA) using Ni-filtered Cu Kα (λ =1.54056 nm) radiation.
Fourier-transform infrared (FT-IR) spectra were performed over a range of wavenumbers from 4000 cm -1 to 400 cm -1 on a Shimadzu IRPrestige-21 FT-IR spectrophotometer with a nominal resolution of 4 cm -1
. In all cases, the samples were prepared by mixing the powdered solids with KBr. Thermal analyses were performed under an inert atmosphere (nitrogen) over the temperature range 20-500 ºC at a heating rate of 5 ºC/min using a TG 209 Netzsch analyser.
Sorption experiments
Sorption experiments were undertaken employing all four types of materials, viz. Zn-Al-CO 3 , Zn-Al-250, Zn-Al-300 and Zn-Al-500. To study the sorption equilibrium, solid samples of known weight were contacted with identical volumes of CrO 4 2-ion solutions with concentrations within the range 5-50 mg Cr(VI) ions/ᐉ. In all experiments, the solid/liquid ratio employed was 1 g/ᐉ. The pH of the Cr(VI) ion solutions was adjusted to 7 ± 0.2 by using a 0.1M NaOH solution. Stirring for 10 h at 200 rpm was provided by a GFL 3017 orbital shaker at 20 ± 2 ºC. After equilibrium had been attained, the solid was separated by filtration. The resulting solutions were analysed in order to assess the residual Cr(VI) ion concentration. The Cr(VI) ion uptake of the adsorbent was calculated via the equation:
( 1) where q e (mg/g) is the sorption loading of the adsorbent material at equilibrium, V (ᐉ) is the volume of the solution, C 0 (mg/ᐉ) and C e (mg/ᐉ) are the initial and equilibrium concentrations of Cr(VI) ions, respectively, and m (g) is the mass of adsorbent employed.
Experiments to evaluate the kinetics of the adsorption processes were undertaken by contacting the weighed solid samples with identical volumes of 30 mg/ᐉ Cr(VI) ion solutions at a pH value of 7 ± 0.2 and a solid/liquid ratio of 1 g/ᐉ. The stirring conditions employed were the same as for the equilibrium experiments. The solid material was separated by filtration at known time intervals and the residual Cr(VI) ion concentration measured. The Cr(VI) ion uptake of the adsorbent was calculated using the following equation: (2) where q t is the sorption loading of the adsorbent material (mg/g) at time t and C t is the concentration of Cr(VI) ions (mg/ᐉ) at time t.
The Cr(VI) ion concentration in aqueous solution was determined at 540 nm by means of the diphenylcarbazide colorimetric method (Eaton et al. 2005 ) using a JASCO V530 UV-vis spectrophotometer. 
RESULTS AND DISCUSSION
Characterisation of the as-synthesised sample
X-Ray diffraction analysis
The diffractogram of the product (Figure 1) from the raw materials (aluminium nitrate and zinc basic nitrate) and side reactions (ZnO -zincite) were also identified. Basal peaks corresponding to the (003) and (006) planes, which are typical of layered double hydroxides, were present at low 2θ angles. In addition, (110) and (113) reflections occurred at 2θ angles ranging from 60 o to 65 o , which is also characteristic of layered double hydroxides. On the basis of these findings, it was deduced that the basic structure of the as-synthesised material corresponded to that of a layered double hydroxide.
The diffractogram also allowed the calculation of a and c rhombohedral lattice parameters, where a = 2d (110) = 3.08 Å is the cation-cation gap within the brucite layer and c = 3d (003) = 3c′ = 23.68 Å, where c′ is the thickness corresponding to one brucite-like layer and one interlayer. In addition, the thickness of the interlamellar spacing (5.89 Å) could be calculated as the difference between c′ and 2 Å (the gap between the centres of two oxygen atoms on the c-axis in a brucitelike sheet) (Cavani et al. 1991; Wang and Gao 2006) . Figure 2 shows the FT-IR spectrum of the as-synthesised sample, being typically that for a layered double hydroxide. Thus, a wide absorption band occurs between 3600 cm -1 and 3200 cm The absorption band with a maximum at ca. 1500 cm -1 may be assigned to the asymmetric valency (ν 3 -like) vibrations of the O-C-O bonds in the unidentate carbonate anion arising from its interaction with the Zn(II) cation. Similarly, the absorption maximum situated at 1355 cm -1 could be assigned to asymmetric valency (ν 3 -like) vibrations of the carbonate anion in the interlayer, which is present as a (bidentate) chelate, or to the symmetric valency vibrations of the O-C-O bonds in the unidentate carbonate anion. The next maximum observed at 1065 cm -1 could be assigned to the distortion vibrations of Al-OH bonds (di Cosimo et al. 1998) , while the absorption band observed within the 850-820 cm -1 range may be assigned to the distortion vibrations of the carbonate anion beyond the ν 2 -like plane.
FT-IR spectral analysis
The next absorption band at 669 cm -1 may be assigned to the distortion vibrations of the carbonate anion in the ν 4 -like plane which is influenced by various cations within the structure of the layered double hydroxide. The band with an absorption maximum at 599 cm , the absorption maxima identified were typical of those expected for layered double hydroxides. Thus, the maxima could be assigned to the vibrations of the Al-OH and Zn-OH bonds in the octahedral lattice of the brucite-like layers (Priklhod'ko et al. 2001) .
TG/DTG analysis
TG and DTG curves arising from thermogravimetric studies are shown in Figure 3 . Four mass loss processes could be identified during thermal treatment of the material under non-isothermal 272 L. Cocheci et al./Adsorption Science & Technology Vol. 28 No. 3 2010 conditions at a constant rate of 5 ºC/min up to 500 ºC. The first process occurred over the temperature range 21-136 ºC, with maximum rates occurring at 76.4 ºC and 129.09 ºC, and a total mass loss of 6.55%. This mass loss could be attributed to the loss of adsorbed water from the sample. The following three processes occurred over the temperature ranges 136-231 ºC, 231-331 ºC and 331-500 ºC, respectively, with maximum rates occurring at 188.2 ºC, 284.1 ºC and 421.6 ºC, respectively. The corresponding mass losses of 16.21%, 5.14% and 5.43% could be attributed to the loss of water from within the sheets of the layered double hydroxide, followed by decarbonation and dehydroxylation of the material, respectively.
On the basis of these findings, the as-synthesised product was calcined at 250, 300 and 500 ºC, respectively, and the resulting products denoted as Zn-Al-250, Zn-Al-300 and Zn-Al-500, respectively.
Sorption experiments
Sorption equilibrium
The sorption equilibria of Cr(VI) ions onto the as-synthesised and calcined products were studied in a comparative manner. The results obtained are depicted in Figure 4 . Three mathematical models were used to describe the sorption equilibria, viz. the Langmuir, Freundlich and Langmuir-Freundlich isotherm models. In terms of the values of the correlation coefficients, R 2 , listed in Table 1 , which are a measure of the goodness-of-fit and confirm the representation of the experimental data, the Langmuir-Freundlich model provided a better fit to the experimental results than the other models studied. The Langmuir-Freundlich isotherm is essentially the Freundlich isotherm which assumes an asymptotic approach to an adsorption maximum at high concentrations (Lazaridis 2003) : (3) where q e is the sorption loading of the adsorbent material at equilibrium (mg/g), q max is the maximum quantity sorbed (mg/g), n is the non-homogeneity factor and K L-F is the Langmuir-Freundlich constant (ᐉ/mg).
The parameters of the Langmuir-Freundlich equation are listed in Table 2 , where the equilibrium sorption capacities were calculated in accordance with equation (1) based on the experimental data: 33.7 mg/g for Zn-Al-CO 3 , 23.0 mg/g for Zn-Al-250, 19.3 mg/g for Zn-Al-300 and 2.85 mg/g for Zn-Al-500. It will be seen that the values for Zn-Al-250 and Zn-Al-300 were quite close but lower than that for the uncalcined hydrotalcite. The maximum sorption capacities, q max , listed in Table 2 were higher than those obtained experimentally, indicating that the studied 
Sorption kinetics
Experiments concerning the kinetics of the sorption process were also undertaken on the assynthesised layered double hydroxides. From a kinetic point of view, Cr(VI) ion sorption may be considered as a pseudo-first-order process relative to the anion when an adsorbent is employed as part of the working conditions. The relationship that described the pseudo-first-order process is given by the Lagergren equation (Lazaridis 2003):
where k 1 (min -1
) is the pseudo-first-order rate constant, q e (mg/g) is the amount of Cr(VI) ions adsorbed at equilibrium and q t (mg/g) is the amount of Cr(VI) ions adsorbed after a time t (min). The kinetic results for the removal of Cr(VI) ions from aqueous solution onto the uncalcined sample Zn-Al-CO 3 are shown in Figure 5 . A pronounced decrease in the Cr(VI) ion concentration (C t ) within the first 20 min may be noted, followed by a plateau when the concentration remained almost constant. Modelling of the kinetics in accordance with equation (4) was carried out by linear regression which gave the following results: k 1 = 2.51 × 10 -1 min -1 and q e = 23.8 mg/g for a correlation coefficient R 2 = 0.9987. The equilibrium sorption capacity, q e , derived from the kinetic equation was close to that derived from the equilibrium study (25.0 mg/g) for an initial Cr(VI) ion concentration of 30 mg/ᐉ. 
Characterisation of the sorption products
Based on the data derived from the studies of the equilibrium sorption process, it follows that the product obtained by calcination at 500 ºC (Zn-Al-500) possessed a very low sorption capacity (2.85 mg/g). This may be explained by the fact that, following calcination at 500 ºC, the Zn-Al-CO 3 sample was preponderantly converted into zincite (trace a in Figure 6 ), which crystallised in the hexagonal system which is very stable. Comparison of the diffractogram of the product calcined at 500 ºC (Zn-Al-500) (trace a, Figure 6 ) with that of the product obtained after Cr(VI) ion sorption (trace b, Figure 6 ) shows that the latter contained peaks of lower intensity typical of the layered double hydroxide, besides those expected for zincite. The presence of the layered double hydroxide can only be explained on the basis of the existence of a "memory effect" arising from the stability of the calcined product. Similarly, analysing the diffractogram for the Zn-Al-CO 3 product (trace a, Figure 7 ) and that obtained after Cr(VI) ion sorption (trace b, Figure 7) , it would appear that the resulting sorption product was still a layered double hydroxide but with a lower content of impurities than the initial material. Indexation of peaks into a hexagonal system allowed the lattice parameters for the resulting product after Cr(VI) ion sorption to be calculated as a = 2d (110) = 3.08 Å and c = 3d (003) = 23.55 Å.
The thickness of the interlamellar spacing was 5.85 Å. As expected, the values of the lattice parameters remained unchanged, thereby suggesting that the Cr(VI) anion did not undergo ion exchange with the existing carbonate anion in the interlayer. This is not surprising given the fact that, of the divalent anions, the carbonate anion shows the greatest affinity for the brucite-like lattice (Forano 2004) .
The FT-IR spectrum of the resulting product after Cr(VI) ion sorption onto the layered double hydroxide, Zn-Al-CO 3 (Figure 8 ), demonstrates the presence of Cr(VI) anions within the 276 L. Cocheci et al./Adsorption Science & Technology Vol. 28 No. 3 2010 , thereby suggesting that the CrO 4 2-anion was adsorbed within the layers of the layered double hydroxide and interacted with the host material.
As far as the position occupied by the CrO 4 2-anion in the layer of the layered double hydroxide is concerned, this is likely to occur at the edge of brucite-like layers within cavities formed by three adjacent metal hydroxide octahedra. This arrangement would accord with data concerning the sorption of the TcO 4 -anion onto Ni-Al-CO 3 (Wang and Gao 2006) . In this latter case, when account was taken of the interlamellar spacing of the layered double hydroxide Ni-Al-CO 3 (ca. 5.7 Å), and bearing in mind that the height of the cavity may be estimated as the sum of the brucite-like layer thickness and half of the interlayer gap, the cavity size was estimated as being ca. 4.85 Å. This size is appropriate for the sorption of the pertechnetate anion whose diameter is 4.54 Å. The size of the CrO 4 2-anion is 4.59 Å (Jenkins et al. 1999) , with Cr(VI) being tetrahedrally co-ordinated and having a similar configuration to that of Tc(VII) in the pertechnetate anion. Similarly, the interlamellar spacing of the layered double hydroxide Zn-Al-CO 3 is 5.89 Å, with the size of the cavity formed by the three metal hydroxide octahedrons being about 4.94 Å. This is close to that reported by Wang and Gao for the layered double hydroxide Ni-Al-CO 3 , and hence appropriate for the retention of the CrO 4 2-anion. Although the nature of the bonds among tetrahedral anions adsorbed within such cavities has not as yet been established, it may be assumed that the sorption process consists of the formation of a multidentate complex between chromate and the metal hydroxide octahedra that constitute the limits of the cavities at the edges of the Zn-Al-CO 3 layers.
CONCLUSIONS
The structural and adsorptive characters of a hydrotalcite-like material, a Zn-Al-layered double hydroxide, to be used for Cr(VI) ion retention as chromate from wastewaters have been studied. Structural analysis by X-ray diffraction and FT-IR spectrometry indicated that the assynthesised material was a hydrotalcite. The X-ray diffraction spectrum allowed the calculation of the lattice parameters while FT-IR spectrometry demonstrated that carbonate was the only anion in the interlayer spacing. Thermogravimetric analysis undertaken over the temperature range 20-500 ºC showed that four processes with mass loss occurred which could be correlated with the changes within the structure of the product at particular temperatures. For this reason, four particular temperatures, viz. 250, 300 and 500 ºC, were chosen for the calcination of the synthesised product and sorption experiments were performed on the as-synthesised and resulting products after calcination.
Adsorption equilibrium of Cr(VI) ions from aqueous media employing the as-synthesised material as the sorbent led to a maximum equilibrium sorption capacity of 33.7 mg/g. This process could be modelled by the Langmuir-Freundlich equation. The sorption capacity decreased as the calcination temperature increased. The X-ray diffraction analysis indicated that the calcined material at 500 ºC was mainly composed of a stable zinc oxide which still retained a "memory effect" and a corresponding sorption capacity (2.85 mg/g).
Kinetic studies of the sorption process showed that it closely obeyed pseudo-first-order kinetics (correlation coefficient, R 2 , equal to 0.9987). Structural analysis of the resulting product after the sorption of CrO 4 2-anions onto Zn-Al-CO 3 showed that the carbonate anion was not replaced in the interlayer by ion exchange but that the chromate anions were adsorbed in the cavities formed by three adjacent metal hydroxide octahedra at the edge of brucite-like layers as part of a process called the cavity effect (mainly encountered in zeolites).
